The aim of this study is to demonstrate the feasibility of removing the image Moiré artifacts caused by system inaccuracies in grating-based x-ray interferometry imaging system via convolutional neural network (CNN) technique. Instead of minimizing these inconsistencies between the acquired phase stepping data via certain optimized signal retrieval algorithms, our newly proposed CNN-based method reduces the Moiré artifacts in the image-domain via a learned image post-processing procedure. To ease the training data preparations, we propose to synthesize them with numerical natural images and experimentally obtained Moiré artifact-only-images. Moreover, a fast signal processing method has also been developed to generate the needed large 2
I. INTRODUCTION
The past two decades have witnessed the quick developments of grating-based x-ray interferometry imaging method, especially the Talbot-Lau imaging method. As a novel x-ray imaging method, it is able to generate three images, i.e., the absorption image, the differential phase contrast (DPC) image, and the dark-field (DF) image, with unique contrast mechanism from the same acquired dataset simultaneously. Different from the conventional absorption signal, the DPC signal corresponds to the x-ray refraction information. Studies have shown that the DPC signal may have advancements in providing superior contrast sensitivity for certain types of soft tissues [1] [2] [3] [4] [5] [6] . In addition, the complimentary DF signal corresponds to the small-angle-scattering (SAS) information, and thus is particularly sensitive to certain fine structures such as microcalcifications inside breast tissue [7] [8] [9] [10] [11] . Therefore, numerous research interests [12] [13] [14] [15] have been attracted with the aim to translate this innovative x-ray imaging method from laboratory investigations to real clinical applications.
In an x-ray Talbot-Lau interferometry system, detection of the diffraction fringes of phase grating are often performed with an analyzer grating, which is usually an absorption grating having identical period as of the self-image of the phase grating. As a result, Moiré patterns with resolvable period by most of the medical grade flat-panel-detectors are generated. In reality, depending on the relative alignments of the phase grating and analyzer grating, the detected Moiré diffraction patterns may have various distributions, i.e., spatially varied periods and intensities, over the entire detector surface. To retrieve the attenuation, the refraction and the SAS information of an imaging object, the phase stepping technique 16 is usually utilized. Specifically, a group of Moiré patterns are recorded by laterally translating one of the three gratings within one period in Talbot-Lau interferometry. As a result, each detector pixel records a group of phase stepping data points, which form the so-called phase stepping curve and are used to extract the absorption, DPC, and DF signals.
As long as all the experimental conditions are ideal, images free of artifacts can be easily generated. However, due to some non-ideal experimental settings, their image quality may be degraded. For example, the polychromatic x-ray beam used in laboratory may introduce the so-called type-II beam hardening effect 17 in DPC-CT imaging. For radiographic DPC imaging, the acquired DPC images may also be contaminated by phase wrapping artifacts [18] [19] [20] [21] and Moiré image artifacts [22] [23] [24] [25] [26] [27] [28] . The former artifact happens when the detected refraction angle of the imaging object is out of the [0, 2π) range, while the second artifact usually happens due to the non-ideal experimental conditions. For example, the inaccurate mechanical movement of the grating during phase stepping procedure, the non-stationary drifts of the x-ray focal spot over multiple exposures, system vibrations, and so on. In this paper, the impact of these potential influences is categorized as effective phase stepping position deviation, denoted by η.
In fact, any slight phase stepping position deviation will break the consistency between the assumed ideal sinusoidal phase stepping signal model and the acquired phase stepping data. results are also validated. We made discussions about this work in section VI, and finally gave a brief conclusion in section VII.
II. THEORETICAL ANALYSES

A. General theory of Moiré artifacts
In this theoretical discussion part, the standard phase stepping procedure is assumed.
With this ideal signal model, the detected x-ray intensity at a certain pixel for the k-th phase stepping position is denoted as
where I 0 corresponds to the x-ray absorption contrast signal, φ corresponds to the x-ray differential phase contrast signal, and ǫ corresponds to the x-ray dark-field contrast signal, M(≥ 3) corresponds to the total phase step number, and k = 1, 2, ..., M. Notice that I 0 , ǫ, and φ are all varied spatially. No Poisson photon fluctuations are assumed in this model.
To proceed, the effective phase stepping position deviation η (k) is considered. In reality, η
could bee caused by many external influences, vibrations, and mechanical inaccuracies. For our experimental system, we noticed that η (k) are dominantly influenced by the x-ray tube focal spot drifts between consecutive exposures, see Fig. 1 . Now the acquired x-ray intensity can be written as:
Without knowing η (k) precisely in prior, the I 0 , I 1 , and φ signals should still be retrieved using Eqs. (A1)-(A3) from these acquired non-ideal phase stepping datasets {I (k) }. With
Taylor approximations similar as in literature 27 , the final radiographic absorption imageÂ with Moiré artifacts can be estimated viâ
Herein, the superscript ref denotes the air scan, and the superscript obj denotes the object scan. During these derivations, we have ignored the high order terms of α
obj . Similarly, the radiographic DF contrast image with Moiré artifacts, denoted asŜ, can be expressed as beloŵ
Finally, the DPC image, denoted asP, can be expressed bŷ 
III. MOIRÉ ARTIFACT REDUCTION CNN
A. Training data preparations
As demonstrated by the numerical simulations, generally, larger phase step position deviations correspond to higher Moiré artifact amplitude for all the three different contrast mechanisms, see Fig. 2 . Based on this observation, we were inspired to develop a fast signal processing method to generate sufficient number of CNN network needed high SNR Moiré artifact-only image samples from a standard x-ray Talbot-Lau imaging system, from which phase stepping datasets are acquired with standard radiation dose levels. To this aim, we suggest to virtually increase the deviation η (k) strength at the k−th phase stepping position.
In particular, one of the initially acquired M phase stepping images is replaced by the image corresponding to other phase step position. Clearly, such manual replacement operation explicitly increases the strength of η (k) (i.e., σ k η ), and thus helps increasing the inconsistencies of the phase stepping dataset. For instance, if replacing the second phase step image by the third phase step image, then η (k=2) approximately enlarges by 1.
As shown in Fig. 3 and Fig. 4 , the resultant amplitudes of the Moiré artifacts indeed are increased significantly. In this study, we generate the Moiré artifact-only images by only replacing one phase stepping image once at a time. Line profiles in Fig. 4(b) -(c) demonstrate that this new signal processing method can also reduce image noise. As a result, the quality of the Moiré artifact-only images can be greatly enhanced. Meanwhile, since there are M phase stepping images, and multiple air-scan phase stepping datasets can be easily acquired during system warm up or calibration scans, therefore, the network required large number of Moiré artifact-only image samples can be quickly generated.
Afterwards, the network training data are ready to be synthesized. In this work, 5100 natural images(downloaded from ImageNet) and 210 experimentally acquired Moiré-artifactonly images (amplitude normalized between 0.0 to 1.0) with high SNR are prepared for each contrast mechanism, denoted as M A , M S , and M P , see differential phase contrast image P M oiré . Details of these operations are expressed below: 
B. CNN network
The U-Net type CNN network architecture is implemented, as illustrated in Figure 5 . It contains ten layers in total. The strides of the 7×7 sized convolutional filters are set to be (2,
2). Five shortcuts are added accordingly to minimize the vanishing gradient phenomenon during back-propagation 34 . The activation functions are ReLu 35 (Rectified Linear Unit).
Using the same CNN network, the synthesized absorption, DF, and DPC dataset are trained separately. For each network training, the objective loss function of the network is defined as: results are listed in Table. I. Clearly, the CNN is able to significantly improve the image SSIM index, demonstrating that most of the Moiré artifacts have been removed after processed by the CNN. 
IV. RESULTS OF NUMERICAL EXPERIMENTS
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V. EXPERIMENTS AND RESULTS
A. Experiments
Experiments are performed on an in-house x-ray Talbot To determine the focal spot drifts of our x-ray tube, two tungsten bids of diameter 1.0 mm are scanned. They are taped on a rigid steel holder, which is fixed on the optical table.
The bids are positioned close to the G0 grating, which is located 15.00 cm downstream of the source. In total, 40 independent exposures are collected from two individual experiments.
The second is performed one week after the first, but with exactly the same tube settings as of the DPC data acquisitions. With the acquired bids absorption images and the imaging geometry, the tube focal spot drift map is estimated, see Fig. 1 .
To collect the Moiré-artifact-only sample images M A , M S , and M P in Eqs. are generated for each contrast mechanism. 
B. Experimental results
The Moiré artifact reduction results of the CNN network using experimentally acquired phase stepping datasets are shown in Figs. 7-9 separately for the absorption contrast, DF contrast, and DPC contrast. Undoubtedly, results demonstrate that the already trained
CNNs are able to remove most of the Moiré artifacts for the three different contrast mechanisms, while maintaining high image spatial resolution and signal accuracy, see plots in Fig. 10 . As discussed previously, Moiré artifacts on the acquired absorption images are way less pronounced than on the DF and DPC images, however, the CNN can still effectively remove them. Results also demonstrate that the CNN network is also feasible to reduce
Moiré artifacts on images acquired with lower radiation dose levels. Therefore, the image quality can be significantly improved after processed by the proposed CNN method. 
VI. DISCUSSION
In this work, we have demonstrated a CNN enabled image-domain Moiré artifacts reduction method for grating-based x-ray interferometry imaging system. This method considers the Moiré artifacts reduction task as a image post-processing procedure, rather than an optimization task of signal extractions from phase stepping datasets. Therefore, the conventional signal retrieval method is still utilized to extract the three contrast images. Afterwards, these extracted images are feed into the proposed CNN network to get rid of the Moiré artifacts and finally generate clean images. Experimental results show that the CNN method can effectively reduce image Moiré artifacts, while maintaining the signal accuracy and image resolution.
The network training data with Moiré artifacts are synthesized from natural images and the experimentally acquired Moiré artifact-only images. We believe this might be the easiest way to generate the needed training data, which always requires a large volume of high quality of training samples. To do so, we have made two assumptions: The first one assumes that Moiré artifacts are independent of the scanned object and thus can be approximated as additive signals to the artifact-free images. The second one assumes that the generated 
